A full time-dependent kinetic study is presented for the main microscopic collisional and radiative processes underlying the optical flashes associated with an impulsive (τ = 5 µs) discharge in the form of a single sprite streamer passing through an air region of the mesosphere at three different altitudes (63, 68 and 78 km). The kinetic formalism developed includes the coupling of the rate equations of each of the different species considered (electrons, ions, atoms and molecules) with the Boltzmann transport equation so that, in this way, all the kinetics is self-consistent, although, in the present approach, the electrodynamics (no Poisson equation is considered) is not coupled. The chemical model set up for air plasmas includes more than 75 species and almost 500 reactions. In addition, a complete set of reactions (more than 110) has been considered to take into account the possible impact of including H 2 O (humid chemistry) in the generated air plasmas. This study also considers the vibrational kinetics of N 2 and CO 2 and explicitly evaluates the optical emissions associated with a number of excited states of N 2 , O 2 , O in the visible, CO 2 in the infrared (IR) and ultraviolet (UV) emissions of sprite streamers due to the N 2 Lyman-Birge-Hopfield (LBH) and the NO-γ band systems. All the calculations are conducted for midnight conditions in mid-latitude regions (+38
Introduction
The so-called transient luminous events (TLEs) are large scale optical flashes taking place at altitudes that go from approximately 50 to 90 km, that is, they occur at stratospheric and mesospheric altitudes, and they originate as a consequence of the electrical activity in underlying thunderstorms as predicted in 1925 by Wilson [1] . Of the various types of TLEs, the so-called sprites [2, 3] , which are weakly ionized plasmas, are the most commonly detected since their first recording in 1989 [4] . Later on, in 1994, the first colour images of sprites were taken from a plane [5] and their characteristic red and blue emission features were clearly observed for the first time. Since then, many sprite observations from the ground have taken place all over the world [6] [7] [8] [9] [10] [11] . In 1992, the first space observation of sprites was performed during thunderstorm observations from the Space Shuttle [12] [13] [14] . The optical measurements resulting from sprite emissions detected with the lightning and sprite observations (LSO) experiments running between 2001 and 2004 in the International Space Station (ISS) were reported in 2004 [15] . The results from the MEIDEX experiment onboard the Space Shuttle provided new sprite observations from the space [16] . More recently, ISUAL, the first sprite experiment onboard a satellite, was launched in May 2004 and has been providing many visible and ultraviolet (UV) spectral data on sprites since then [17] [18] [19] [20] . The future missions TARANIS [21] and ASIM [22] are expected to produce more insights and understanding of sprites in a wider region of the electromagnetic spectrum. More recently, telescopic imaging of sprites has revealed a great variety of spatial and temporal scales suggesting a preliminary approach to the time scales of streamer-like structures in sprites and demonstrating that they exhibit a highly nonuniform altitude structure characterized by a lower (50-70 km) streamer-like region and a higher diffuse region (70-90 km) [10, [23] [24] [25] [26] . The latter together with very recent high-speed video recordings [27] [28] [29] of the sprite temporal development illustrates the sprite streamer dynamics and its remarkable similarity [30] to the streamers formed within different types of gas discharges produced at ground pressure [31] .
The earliest spectroscopic observations of sprites [32, 33] , performed with low temporal (15-30 ms) and spectral resolution (6-9 nm), were only able to identify the N 2 first positive band system (1PN 2 ) (B ) and the first negative band of O + 2 , expected (all of them) to be the most intense during the interaction of electromagnetic pulses from lightning with the lower ionosphere [34, 35] . Later studies [36] have shown that, assuming a distribution of intensities of different wavelengths within the 1PN 2 band similar to the one observed in auroral emissions, the N 2 first and second positive bands seem to be primarily responsible for the largest red and blue signals in video recordings of sprites [5] . The latter has been confirmed by UV/blue spectrum of sprites observed at 65 km [37] .
In addition to the N 2 second positive band system, blue optical emissions from sprites have also been associated with the radiative de-excitation of N + 2 (B 2 + u ) previously excited in collisions with electrons [38] [39] [40] . Blue emission from N + 2 originates from the lower (tendrils) region of sprites and is produced during the initial stages of sprite formation, not usually being detectable in temporally integrated spectra [39] .
Recent analyses have also shown that, in addition to the 1PN 2 features, the higher-altitude sprite spectrum also shows the presence of some peaks associated with the N + 2 Meinel band which are hardly visible in the lower-altitude spectrum [41] . The confirmation of the presence of N + 2 in sprites, through the detection of blue emissions from the 1NG of N + 2 , was a remarkable result since it was an indication that excited ionized species were also produced in sprites in addition to the neutral emissions found in the early red observations. The latter suggests that the average electron energies needed to produce the observed sprite spectra are above 0.5-2 eV predicted by preliminary spectral analysis providing information on the vibrational distributions of the excited N 2 (B 3 g ) state [41] [42] [43] [44] . In addition to visible emissions, sprites can also emit in the IR and UV parts of the electromagnetic spectrum [18] . The IR and UV emissions come from excited species such as CO 2 , N 2 , NO and/or N + 2 . However, IR and UV are usually strongly absorbed by H 2 O (IR emissions) and O 2 (UV emissions). The latter makes it difficult to conduct IR and UV observations from the ground or even using planes. In spite of this, there are some early studies about the modelling of IR emission from sprites and its possible detection from space [45, 46] . In the same way, two recent works have presented modelling studies of NO-γ (UV) and LBH (far UV) emissions of sprite streamers showing that, at 70 km altitude, the total gamma emissions from the excited NO are considerably smaller than those due to N 2 LBH emissions [47, 48] . Consequently, while LBH emissions due to sprites have already been detected by ISUAL [49] and compared with streamer modelling [18] , the detection of NO-γ emissions from space has not yet been reported because it requires a narrower bandwidth spectrophotometer than the 130 nm bandpass photometer (150-280 nm) presently installed in ISUAL [20] .
All the above spectroscopic data about sprite emissions in different wavelength ranges have given us valuable information about the important excited species that are able to radiate. However, the final chemical impact of TLE and, in particular, of sprites in the surrounding upper atmosphere is not yet well understood. Recent data by ISUAL have revealed that, between 40 and 60 km, the average electron energies and reduced electric field producing the optical spectra recorded from sprites change between 6.2-9.2 eV and between 243 and 443 Td, respectively, that is, the sustaining electric field takes a value between 2.1 and 3.7 times that of the atmosphere breakdown field (E k ) at these altitudes [17] . It is possible that these energetic electrons under the action of such high electric fields might create highly chemical reactive species (such as, for instance, NO x ) that can induce local changes in the background chemical composition of the mesosphere [50, 51] . Thus, one active line of research nowadays focuses on understanding the ability of sprite discharges and postdischarge air plasma chemistries to locally produce nitride oxides such as NO x (NO, NO 2 ) and N 2 O. These oxides are important since they provide catalytic pathways for the destruction of ozone and participate in the oxidation of a number of chemical species in the stratosphere. The local perturbations of NO and O 3 concentrations due to a single blue jet event (a type of TLE) have been modelled following a kinetic approach showing an enhancement of 10% and 0.5% at 30 km altitude [52] . However, such enhancements in the upper atmosphere have rarely been reported and there are only a few observational studies [53, 54] .
The earliest studies [53, 55] reporting results on the chemistry of sprites used the kinetic approach typically used to investigate the plasma chemistry associated with gas discharges produced in different types of plasma reactors. Later on, a reduced set of electron-driven reactions has been used to predict a significant enhancement of metastable oxygen atoms O( 1 D) in the mesosphere associated with the sprite chemical activity [56] . Very recently, at the beginning of 2008, three different works were published (or sent to publication) incorporating complex chemical schemes in order to undertake the kinetic modelling of the chemical effects of sprites during nighttime conditions in the middle and upper atmosphere [57] [58] [59] . While two of them predict fractional enhancements of 50% for NO at 70 km [57] and NO x at 73 km [58] , the third one [59] predicts an increase in the NO concentration of four orders of magnitude above its background level at 70 km. These differences might be due to the initial conditions chosen, the uncertainty in the reaction rate coefficients and the number of kinetic processes considered. The results from two of the previously mentioned models [58, 59] can be compared with a very recent study [60] reporting NO 2 nighttime mid-infrared (680-2410 cm −1 ) measurements from the Michelson interferometer for passive atmospheric sounding (MIPAS) instrument onboard the ESA satellite ENVISAT. Results shown in [60] indicate a possible sprite induced NO 2 enhancement of about 10% at 52 km altitude with a trend to increase with height from a few per cent at 47 km to tens of per cent at 60 km. The latter agrees with the predictions of the ion-neutral chemical model reported in [58] , but is far from the NO 2 enhancement of two orders of magnitude at 50 km altitude predicted by another recent model based on ion-neutral reactions to explain the chemistry of sprite discharges [59] .
This paper is an attempt to contribute to the general understanding of the non-equilibrium plasma chemistry triggered by sprite streamers in the Earth mesosphere and its possible impact in the local chemical composition of the upper atmosphere. In doing so, this work describes a kinetic approach used to evaluate the temporal evolution of the concentrations of a number of important chemical species created while sprite discharges are occurring and during their afterglows. A quantitative analysis is also performed of the most important microscopic processes underlying the sprite chemical activity at three different altitudes (63, 68 and 78 km) . In addition, the model predicts the emission brightness of sprites associated not only with visible radiative transitions but also with other important ones emitting in the UV (NO-γ , LBH and the 2PN 2 system) and IR (from vibrationally excited CO 2 and the 1PN 2 system) regions of the electromagnetic spectrum that could be detected from the space.
The structure of this paper consists of a preliminary description of the used model approach and its basic equations followed by the different kinetic processes taken into consideration (section 2). Later on, in section 3, a detailed enumeration of the main results obtained is accompanied by a discussion of the most important findings reported. Finally, the conclusions are presented in section 4. In addition, this paper also includes an extensive appendix where the reader can find all the reactions and their rate coefficients considered in the chemical scheme proposed for modelling the non-equilibrium air plasma chemistry associated with single sprite events.
Model approach
The approach followed in this work assumes that the main chemical activity of sprites originates in their brightest regions, that is, in their short living streamer heads recently observed during very high-speed (10 4 fps) video recordings [28, 29] . Recent (100 µs average) measurements by the ISUAL instrument onboard the FORMOSAT-2 satellite have shown that the average electron energies in the luminous regions of sprites are between 6.2 and 9.2 eV [17] . This finding suggests that, in a first stage, electrons are capable of generating a considerable degree of excitation and ionization in the low temperature air plasmas confined within the streamer tips and, consequently, a considerable number of atmospheric species can become chemically active through electron-driven reactions. The timescale of the streamer heads is connected to their dimensions and speed [61] which, according to recent measurements of speeds between 1 and 6 × 10 7 m s −1 associated with 25 m streamer heads [29] , suggest a temporal duration of several microseconds. The reduced electric field E/N underlying the brightest sprite optical emissions has recently been estimated by the ISUAL instrument by studying 2PN 2 /1NN + 2 ratios of several sprites observed between altitudes of 40 and 60 km and the reported E/N fields range between 243 and 443 Td (2.1-3.7 E k /N , where E k /N ∼ = 121 Td is the atmosphere breakdown reduced electric field and N is the gas density) [17] . The upper limit of the E/N values reported in [17] is in agreement with the electric field magnitudes (>3E k /N ) predicted in recent models of sprite streamers [18] .
Model equations and numerical procedure
The basic model equations controlling the non-equilibrium air plasma chemistry of sprite streamers are
which represents a set of differential rate equations for each of the chemical species of type i in the streamer plasma where n i stands for the concentration of the atomic and molecular neutrals, ions (positive and negative) and free electrons that can change as a consequence of the gain (G) and loss (L) kinetic processes taking place during and after the short time pulse that the electric field is on within the streamer head. The microscopic processes considered in G and L include the chemistry of neutral and ions together with the electron-driven kinetics. In this regard, the rate coefficients of each of the electron-driven reactions considered need to be calculated by using appropriate sets of cross sections and the corresponding electron distribution function in each time step. In order to do these calculations as accurately as possible, equation (1) has been coupled to a time-dependent and spatially uniform Boltzmann transport equation of the form
where f (v, t) is the distribution function for free electrons at time t with speed v whose relation to their kinetic energy is simply ε = 1/2mv 2 . The symbols e, m e , E and ∇ v stand for the electric charge and mass of electrons, the electric field within the streamer head and the velocity gradient operator, respectively. The coupling between equations (1) and (2) comes through the collision term on the right-hand side of equation (2) which represents the rate of change in f (v, t) due to different kinds of collisions. This term also includes the densities of neutrals (atom and molecules) and ions in the plasma. In this study, the electron collisions considered are elastic, inelastic and superelastic ones. It is worth mentioning that electron-electron collisions, that is, Coulomb collisions, are not included because sprite plasmas have low electron densities and, consequently, Coulomb collisions only play a negligible role in the kinetics of this plasma so that they can be safely disregarded. Finally, a condition of macroscopic electrical neutrality is imposed so that the net charge balance in the plasma is zero (quasi-neutral plasma) in each time step. Therefore, the solutions of the system of equations (1) and (2) need to satisfy that
where n + j , n − k and n e stand for the concentrations of all the positive and negative ions and free electrons in the plasma, respectively. In order to solve equation (2) , the program ELENDIF [62] was used as a subroutine called by a chemical kinetics code that integrates the stiff system of differential equations (1) in successive time steps. As time progresses, the electron distribution function is recomputed and new rate coefficients are calculated so that the electron and ion concentrations fulfil the condition imposed by equation (3) . The numerical integrator used by our kinetic model is the updated version of the Livermore solver for ordinary differential equations (LSODE) [63, 64] , which is the basic solver of the ODEPACK collection of FORTRAN solvers for the initial value problem of ODE systems. This series of solvers can be freely downloaded from LLNL [65] . In particular, LSODE solves the initial value problem of stiff and nonstiff systems of first order ODEs of the form
For stiff problems, the LSODE solver uses the backward differentiation formula (BDF) method (the Gear method) [66] .
The BDF method is particularly convenient for solving a highly nonlinear set of differential equations since it has the property of stiff stability [66] and therefore does not suffer, as the popular explicit Runge-Kutta and Adams methods, from the stability step size constraint once the concentrations of the fast chemical components in the plasma have decayed to negligible values.
Model assumptions, parameters and initial conditions
The kinetic formalism adopted includes the coupling of the rate equations of each of the different species considered (electrons, ions, atoms and molecules) with the Boltzmann equation so that, in this way, all of the kinetics is self-consistent, although, in the present approach, the electrodynamics (no Poisson equation is considered) is not self-consistently solved with the plasma kinetics. In this regard, it has been assumed that the reduced electric field (E/N) within the streamer head plasma is an external parameter of the model and that it exhibits a step-like shape, that is, E/N = 400 Td (∼3.3 E k /N ) during a short time interval of t p = 5 µs while, afterwards, E = 1 Td. The low field value after the pulse is characteristic of the afterglow region recently observed behind sprite streamer heads [28] so that the electron-driven kinetics becomes of secondary importance when compared with the processes controlled by the collisions between heavy species. Another important assumption of this model is related to the noninclusion of photochemistry processes in spite of the fact that some photochemical mechanisms, such as photoionization, might have some importance in the propagation and branching of sprite streamers [67, 68] but with an indirect influence on the non-equilibrium chemistry of the streamer plasma. For a typical pressure (4.45 × 10 −5 atm) and gas temperature (T g ∼ 220 K = 0.0189 eV) of the altitudes where sprite streamers develop, the diffusion coefficient of neutrals is about 3000 cm 2 s −1 , while in a non-thermal ( 
2 ) and T ion is the ion temperature [69] . Therefore, the time needed by neutrals and charged particles (electrons and ions) to move through a typical streamer radius (∼12.5 m) is ∼6.5 s and ∼520 s, respectively. However, these timescales are usually longer than those of the kinetic reactions controlling the concentrations of electrons and most of the ions and neutrals and, consequently, the densities of most of the species have decayed to negligible values before their transport by diffusion starts to be noticeable. Therefore, in the present approach, the transport of electrons and ions by diffusion has not been considered. In evaluating the ambipolar diffusion coefficient above, one needs to first evaluate the characteristic electron energy, ε k = D T /µ e , where µ e = v d /E is the electron mobility, v d is the electron drift velocity and D T is the electron transverse diffusion coefficient. These magnitudes (D T , µ e ) have been calculated once the electron distribution function (EDF) is obtained from the solutions of the system of equations (1)-(3). Thus, it was found that ε k = 5.76 eV which is lower than the value of the electron mean energy ε = 7.86 eV obtained while the streamer reduced sustaining field E/N = 400 Td is on. The values of both ε k and ε are within the experimental range inferred from the ISUAL recorded sprites [17] . Strictly speaking, in non-thermal and non-equilibrium plasmas with electron kinetics driven by a non-Maxwellian EDF, as those of sprite streamers, the concept of 'electron temperature' (T e ) cannot be properly defined. If the EDF were Maxwellian, ε k = D T /µ e = 2/3 ε with ε = 3/2T e . However, in our case, ε k = 5.76 eV = T e = 5.24 eV.
Some words are needed to justify the use of ELENDIF, a conventional two-term Boltzmann solver, rather than a multiterm procedure or a Monte Carlo simulation. The use of the Lorentz (two-term) approach in the case of N 2 -containing plasmas can be questionable due to the relative importance of some inelastic processes (vibrational excitation) when compared with elastic collisions. However, the inclusion, as in our case, of superelastic collisions with vibrationally excited N 2 molecules contribute to decreasing the possible influence of vibrational excitation on the EDF and, consequently, the twoterm expansion can still be considered a good approximation in N 2 -containing plasmas [69] .
Finally, the present calculations have been carried for three different altitudes of 63 km (T g = 240 K), 68 km (T g = 220 K) and 78 km (T g = 200 K). It is assumed the same E/N = 400 Td in the three altitudes investigated. In addition, all the calculations are conducted for midnight conditions in mid-latitude regions (+38
• N) and 0 • longitude, using as initial values for the neutral species listed in appendix A those provided by the latest version of the Whole Atmosphere Community Climate Model (WACCM) based on the National Center for Atmospheric Research's Community Atmospheric Model (CAM). The latest version of the model, WACCM3, is derived from CAM3 and includes all the physical parametrizations of that model. A complete description of CAM3 is given in [70] where details are given about the governing equations, physical parametrizations and numerical algorithms. The reader is also referred to the CAM web site for more information [71].
Chemical species and kinetic reactions
The chemical species considered in this work are listed in tables 1-4. We have taken into consideration a total of 77 species classified into ground neutrals (23) , excited neutrals (24), electrons and negative ions (15) and positive ions (15) . The exact number of reactions considered is 486, where there are electron-driven reactions (90), neutral-neutral reactions (222), ion-ion recombination mechanisms (36) , ion-neutral processes (127, with 53 positive ion-neutral mechanisms and 74 negative ion-neutral reactions) and radiative deexcitation channels (11) . The complete list of all the reactions considered and their corresponding rate coefficients is shown in appendix B. There are 45 electron-impact reactions indicated as EDF-dependent processes for which their rate coefficients are not shown because they are self-consistently calculated using the cross section data convoluted with the In addition, we have included, when available, the gas temperature range of validity of the rate coefficients. The rate coefficients were taken from 45 different bibliographic sources ; roughly 42% of all of them were taken from references [69] (20%) and [83] (22%). The electron-impact reactions include a variety of processes such as ionization and dissociative ionization, dissociation, two and threebody attachment, electron-ion recombination, dissociative excitation and electronic and vibrational excitations. The radiative de-excitation processes shown at the end of appendix B include their Einstein coefficients (A) for spontaneous emission, the wavelength (λ) of the lines emitted in each of the spontaneous radiative decays considered and the plasma optical thickness (κ) for that wavelength. For simplicity, the latter has been assumed to be one; that is, the plasma is assumed to be optically thin and, therefore, no radiation is re-absorbed. Finally, a set of 115 reactions associated with the non-equilibrium chemistry of the humid air plasma has also been taken into consideration. This is important because H-containing species (especially the OH/H 
Results and discussion

Electrons and electrical conductivity
The main results of this work are shown in figures 1-36. We will start this section by commenting on the behaviour of the electron density shown in figure 1 . The results presented in figure 1 indicate that, depending on the altitude, the electron density can reach values of up to 10 6 cm −3 (63 km) or remain in relatively low values hardly above 10 2 cm −3 (78 km) after the sprite event. It is interesting to note that, even after the end of the electric pulse that generates the sprite, the electron density shows relatively high values (>10 3 cm −3 ) at 63 and 68 km for almost 100 ms. The kinetic model used 42 gain reactions channels leading to the growth of the electron density and 43 processes that contribute to the removal of electrons. Before the end of the electric pulse (<5 µs), the main production of electrons is due to electron-impact ionization processes (in decreasing order of importance): However, the loss of electrons during the pulse (<5 µs) is mainly due to two-body electron attachment to O 2 :
When the pulse is over (>5 µs), the electrons are produced mainly by electron detachment processes of O − with N 2 : The plot in figure 2 shows the electrical conductivity (in cm −1 ) of the air plasma produced by a single sprite event. At an altitude above ∼60 km, the electron component of the electrical conductivity is usually dominant over the ionic component [36] . Therefore, we have calculated the electrical conductivity for 63, 68 and 78 km using the results from our kinetic model. The expression used for the electron component σ e is given by
where Q e is the electronic charge, N e is the electron number density and µ e is the electron mobility. The latter is equal to [119] . The other lines are as in figure 1 .
We can see in figure 2 that, in the first moments (<10 −7 s) during the electric pulse, the electrical conductivity at 68 km is quite close to the typical nighttime air conductivity in midlatitude regions at 70 km high as reported by Hale [119] and represented in figure 2 as a flat dashed line. The plot in figure 2 of the mid-latitude nighttime electrical conductivity of air plasmas under the influence of a single sprite event reveals an increase of up to four orders of magnitude (at 68 km) above its measured background level of 10
at an altitude of 70 km [119] . This sudden increase in the electrical conductivity lasts for almost 100 ms at 68 km, being shorter (∼1 ms) and longer (1 s) at 63 km and 78 km, respectively. The remarkable enhancement of the electrical conductivity due to the sprite chemical activity could be traced during its relatively long duration (100 ms at 68 km) and, if experimentally detected, could be used as an alternative way to determine the importance of the sprite chemical activity in the mesosphere. Once we know from figure 2 the maximum enhancement of the electrical conductivities, we can roughly estimate the total electric power delivered to the surrounding atmosphere by the streamer head of a single sprite event occurring at different altitudes. The ohmic power density (W m −3 ) dissipated by a single streamer head is simply
where, for times 5 µs, E = 400 Td × N (gas density at the different altitudes considered). If the streamer head is assumed to be of spherical shape with a radius of 25 m, its total volume delivering power is 65 000 m 3 . Therefore, the total power delivered by the streamer head of a single sprite event would be approximately 1677 W (at 78 km), 230 kW (at 68 km) and 78 MW (at 63 km).
Analysis of the electron distribution function
The electron distribution function (EDF) plays a key role in driving the electron kinetics of sprite plasmas. In this section a brief analysis is provided on the temporal evolution of the EDF during the pulse and after it, that is, during the afterglow. The normalization condition chosen for the EDF is
where ε stands for the electron energy and f (ε) is the EDF. Once the EDF is calculated, the mean electron energy, transport and rate coefficients can be quantified. The plots in figure 3(a) show the variation with time of the calculated EDF during the pulse (from 0.01 ns up to 5 µs) when E/N = 400 Td. We can clearly see that the EDF transient is quite fast, usually below 100 ns. The latter is the time needed by the EDF to reach its steady values while the pulse is on. In addition, a plot is also included of a Maxwellian EDF (with the same electron mean energy as that of the calculated steady EDF during the pulse) so that the deviation of the calculated EDF from the Maxwellian one can be clearly observed (upper dashed line in figure 3(a) ). This deviation becomes more and more important as the electron energy increases. We can conclude from figure 3(a) that, in order to study the electron kinetics, it is really not crucial to follow in time the EDF since its timescale (relaxation times) is much shorter (nanoseconds) than that of streamer head lifetimes (microseconds). Thus, it would be enough to consider the steady state EDF (dotted line in figure 3 (a) marked with the 5 µs label) during the pulse. The steady-state value of the calculated EDF when the pulse is over (afterglow) is represented in figure 3 (b) together with a Maxwellian EDF for the same electron mean energy. Figure 3 the calculated EDF from the Maxwellian for the low reduced electric field used (1 Td). For higher fields (25 or 50 Td) the departure of the EDF from the Maxwellian would be lower.
Negative ions
In figure 4 , we can see the time evolution of the concentration of O − ions. The trend followed is the same for the three altitudes investigated and its highest value is reached at 63 km right at the end (5 µs) of the electric pulse going through the air plasma and similarly to the predicted behaviour of the electron density. It is also visible that O − decreases by almost four orders of magnitude as the altitude increases from 63 to 78 km. The main kinetic mechanism controlling the production of O − before the end of the electric pulse (<5 µs) is electron dissociative attachment of O 2 :
followed in order of importance by electron dissociative attachment of CO 2 , O 3 and H 2 O:
On the other hand, the losses of O − before 5 µs are mainly due to the detachment of O − in collisions with N 2 molecules:
followed by a number of detachment processes (of similar importance) of O − with O 2 , O 3 , H 2 and CO:
When the pulse is off (time > 5 µs), the O − ions are mainly generated due to electron dissociative attachment of O 3 : 
The time evolution of the concentration of O − 3 ions is shown in figure 6 . In this case, we can see a slight influence of the air plasma humidity with respect to the dry case (plotted with open circles) in the rising region between 100 µs and 0.01 s at 68 and 78 km. The underlying reason for this behaviour is that, in a humid environment at say 1000 µs, the dominant process controlling the production of O Figure 7 shows the time-dependent behaviour of the ion CO − 3 . The concentration of this negative ion remains quite low during the pulse and then, at around 1000 µs, its density begins to grow quite fast (at 63 and 68 km) and slow at 78 km due to the relatively high production rate associated with the process 
Positive ions
In this section we describe the time-dependent behaviour of five out of the fifteen positive ions considered in this work. These five positive ions were chosen because of their representative value in providing an insight into the role played by positive ions in the non-equilibrium air plasma chemistry activated by sprites. It can be seen in figure 9 that, during the electric pulse 
Ground and excited neutrals
In this section we discuss the values and trends exhibited by a number of ground and excited neutrals. We will start by analysing the behaviour of the nitride oxides NO, NO 2 and NO 3 .
The trends of NO at the different altitudes studied are shown in figure 14 . While NO at 63 and 68 km exhibits a growth in the time domain after the pulse, at 78 km its concentration remains constant or exhibits a slight increase or decrease, both less than a factor of 2, depending on whether humid air (dotted line) or dry air (open circles) is studied. We have considered 64 production mechanisms and 44 removal channels of NO. Right before the end of the electric pulse (<5 µs), the main reactions (in order of importance) contributing to the formation of NO at 63 km are the dominant reaction is P172 followed by P350. The principal losses of NO before the end of the electric pulse (<5 µs) at 63 km are due to
while, at 68 km, P239 is replaced by P411 : HO 2 + NO → OH + NO 2 . However, at 78 km, P113 : O + NO → NO 2 , P411 : HO 2 + NO → OH + NO 2 and P414 : HO 2 + NO → O 2 + HNO become the first, second and third main loss channels, respectively. At time ∼ 0.01 s, the first and second gain channels of NO at 63 and 68 km are the same as before the end of the pulse. The loss of NO at about 0.01 s at all the altitudes studied is mainly due to processes P113 and P115 : N + NO → N 2 + O and P411 (at 78 km). At time ∼ 100 s, the production of NO at 63 km is due to
However, at 68 km, P172 becomes the second most important process after P91, and P417 : HO 2 + N → OH + NO becomes the third. At 78 km, P172 replaces P91, P109 remains the second and P373 : H + NO 2 → NO + OH becomes the third most important production reaction of NO. The latter explains why, at 78 km from approximately t ∼ 200 s, a slight difference is exhibited between the higher NO density predicted in humid air (where P373 is active) and the slightly lower NO concentration in dry air (where P373 is not present). The loss of NO at about 100 s at all the altitudes studied is mainly due to processes P113 and P115 : N + NO → N 2 + O. One of the most remarkable features visible in figure 14 is the fact that NO increases by two orders of magnitude at 63 km, one order of magnitude at 68 km and, at 78 km, our model predicts an almost constant concentration of NO after the passage of a single sprite. Therefore, it seems that, according to the present model, the impact of the chemical activity associated with a single sprite event in NO is relatively important at 63 and 68 km.
The time-dependent behaviour of the concentration of nitrogen dioxide (NO 2 ) is presented in figure 15 . It can be seen that NO 2 remains constant up to ∼0.01 s (at 78 and 63 km) and ∼100 s (at 68 km) where it exhibits a sharp increase at 78 km of about three orders of magnitude and smoother growths at 63 km (about two orders of magnitude) and 68 km (one order of magnitude), respectively. In order to trace the roots of this behaviour, we have considered 34 different source terms for NO 2 and 40 removal channels. At time ∼ 0.01 s, the production of NO 2 at 63 km is controlled by P113 : O + NO → NO 2 ,
But at 68 and 78 km, P337 is replaced by P411 : HO 2 + NO → OH + NO 2 . The main NO 2 losses at ∼0.01 s and 63 km are At time ∼ 100 s, the dominant source term of NO 2 is P113 for the three altitudes considered and followed in importance by P116 (at 63 km) and P411 : HO 2 + NO → OH + NO 2 (for 68 and 78 km). The losses of NO 2 at ∼100 s are the same as those described for time ∼ 0.01 s.
We can see in figure 16 that NO 3 exhibits a flat shape up to ∼100 s (for 63 and 68 km) and 10 s (for 78 km) where it starts to increase. figure 17 where it can be seen that, depending on the altitude, the concentration of O( 3 P) sharply increases by more than seven orders of magnitude in less than 5 µs (at 63 km), it exhibits a moderate growth at 68 km in two successive steps before 5 µs and between 5 µs and 1 s and, at 78 km, O( 3 P) remains constant up to 1000 s where it starts to decrease slightly. We have considered 99 source terms for O( An interesting feature of the behaviour of O( 3 P) is that, at 63 and 68 km, the impact of a single sprite event produces a significant increase in its background value that is kept constant for a long time up to about 500 s and then decreases. At 78 km, the impact of the single sprite on the O( 3 P) concentration is almost negligible.
The concentration of ground nitrogen atoms N ( 4 S) is shown in figure 18 , where it can be clearly seen that as the altitude decreases (from 78 to 63 km) the N ( 4 S) growth becomes sharper before the end of the electric pulse (<5 µs). After the pulse, there is a second growth stage at 68 and 78 km while N ( 4 S) remains constant up to about 100 s when it goes down very fast. We have considered 38 source terms for N ( 4 S) and 20 loss mechanisms. Before the pulse is over (<5 µs), the main production of N ( 4 S) is electron-impact dissociation and electron-driven dissociative excitation: The time evolution of the concentration of ground state argon atoms Ar is shown in figure 19 where a sharp rise in a short time interval at 63 and 68 km is seen. The Ar concentration reaches its maximum value right at the end of the pulse originating the sprite. Right after the pulse, the population of Ar decreases almost as fast as it increased. Before the end of the electric pulse (<5 µs), the production of Ar is controlled by collisional de-excitation and charge transfer mechanisms:
P167 : Ar After the pulse, the production of ground state argon atoms is driven by P271 closely followed by P270 and then (with smaller rates) P167 and P165. The losses after the pulse are now controlled by P1.
Among the hydrated neutrals, the hydroxyl molecule OH can be of primary importance since it participates in one of the catalytic cycles contributing to the removal of O 3 . The trend exhibited by the concentration of OH at different altitudes as a consequence of a single sprite event is shown in figure 20 . In order to evaluate the dominant kinetic mechanism, we have considered 33 source terms and 23 loss channels of this molecular species. We see in figure 19 that the OH density remains constant up to around 10 s (at 78 km), ∼100 s (at 68 km) and ∼0.01 s (at 63 km). At 63 and 68 km, the main production mechanisms of OH around 0.01 s are P433 figure 24 . We can see in figure 21 that a visible feature in the trend followed by N 2 (A 3 + u ) is that although the difference between its initial values at 63 and 78 km is less than one order of magnitude, the impact of a single sprite event creates a considerable difference between them right after the pulse. This means that, after a sharp increase during the pulse duration, the concentration of N 2 (A 
while at 68 and 78 km P22 is the most important followed by P234. The losses of O 2 (a 1 g ) at all the altitudes around 10 ms are due to the same channels mentioned above for times prior to the end of the pulse. From this moment on, these loss mechanisms keep growing so that they become dominant (over the gain channels) and produce a visible decrease in O 2 (a ) is shown in figure 24 . The trend is a bit different with regard to that 
Visible, ultraviolet and infrared optical emissions
In this section, we discuss the results of the present kinetic model in connection with the optical emissions associated with the atomic, ionic and molecular species that are excited as a consequence of the passage of a fast electric pulse through the Earth mesosphere. The radiative de-excitation of the excited species causes the appearance of optical flashes in different regions of the electromagnetic spectrum. The goal here is to provide some preliminary insight about the underlying kinetic processes of some of the most important UV, visible and IR emissions from sprite streamer heads. There have been several reports on the identification of some of these emissions in the spectra recorded from sprites; however, there are very few works trying to establish quantitative relationships between the sprite chemical activity and their light emissions. In addition, we have included the impact of the altitude (63, 68 and 78 km) on the relative importance of the different time-dependent optical emissions analysed. So far, similar analyses were only undertaken at around 70 km high. In all the cases we have evaluated the emission brightness (EB), measured in Rayleighs (R), through the classical expression [120] EB(R) = 10
valid for the optically thin case and where V (l) is the so-called volume emission rate (in photons cm −3 s −1 ) and the integral is taken along the line of sight through the emission volume over an effective column length L. In general, following [57] , the observations are assumed to be made perpendicularly to the streamer axis and, consequently, the magnitude L refers to the diameter of the 'trailing column' of the streamer. We have assumed in all the calculations that L, the emission column length, is equal to ∼25 m as in [57] . The volume emission rate V (l) is equal to the product A k (s
, that is, the product of the Einstein coefficients (A k ) for spontaneous emission and the concentration (N k ) of the emitting excited state k.
Visible emissions.
In the present model, the visible transitions evaluated are associated with processes P476 (N 2 first negative system) producing the characteristic red colour of sprite spectral emissions, P477 (N 2 second positive system) and P478 (N first negative band) both contributing to the observed bluish sprite emission, P484 and P485. It is important to note that the transition probabilities considered for the 1PN 2 , 2PN 2 and the N + 2 1NG systems are all approximate averages over the vibrational of the initial (emitting) electronic state [69] . The same transition probability as for the ground vibrational level has been assumed for all vibrational levels of the corresponding emitting electronic states (B The time-dependent emission brightness due to the second positive band system of N 2 (2PN 2 ) is shown in figure 26 . The maximum value of the brightness of 2PN 2 is reached right at the end of the pulse at 5 µs for the three altitudes studied. The highest value (∼20 GR) is found at 63 km and the lowest (∼1 MR) at 78 km, while at 68 km it reaches 100 MR. The emission brightness decays quite fast when the electric pulse is off. We have taken into consideration two production and three loss mechanisms underlying the concentration of N 2 (C less important P15. The losses at this time are the same processes as during the pulse but, now, the removal reactions P477, P191 and P190 have much greater rates than those of the production processes. The relative importance of the above processes is the same for the three heights considered. It will be like this hereafter if no comment is specifically made. The bluish radiative emission of the first positive band system of N 2 (1PN 2 ) is represented in figure 27. The trend followed is similar to that of 2PN 2 but with two distinct features which are that the transient exhibited by the emission brightness of 1PN 2 is longer than that of 2PN 2 and that the 1PN 2 brightness reaches significantly lower values than the one of 2PN 2 . Before the pulse is off (time 5 µs), N 2 (B band system of N + 2 is shown in figure 28 . The maximum brightness is reached right at the end of the electric pulse (∼5 µs) and it occurs at 63 km (∼1 GR), followed by the highest value predicted for 68 km (∼1 MR) and, finally, for the lowest brightness of (∼10 kR) taking place at 78 km. The generation of N 
Ultraviolet emissions.
The emission brightness of the UV emission associated with the N 2 Lyman-Birge-Hopfield (LBH) is represented in figure 31 . The only previous work including a quantitative discussion on the molecular nitrogen LBH band associated with sprite streamers was published in 2005 [47] but only one altitude (70 km) was investigated. We see in figure 31 that the greatest LBH emission brightness is achieved at 63 km (∼10 MR) followed by the one at 68 km (∼1 MR) and the lowest value (∼5 kR) at 78 km. In general, it is predicted that the higher the altitude, the lower the emission brightness. Also, the associated transients are longer for higher altitudes (up to about 10 ms for 78 km). The only considered production channel of N 2 (a ) is mainly due to collisional de-excitation (quenching) and radiative decay processes such as:
The above removal processes are followed by much weaker quenching reactions of N 2 (a [47] corresponding to a sprite streamer taking place at an altitude of 70 km, a time = 95 µs and within a strong field (∼E k , where E k is the atmosphere breakdown field) is in reasonable agreement with the value (∼1 MR) of the 68 km LBH emission brightness shown in figure 31 of this paper.
In addition to the LBH emissions from sprites, another possibly important UV emission that could play a distinct role in identifying the sprite chemical activity in the Earth mesosphere is that associated with the radiative decay (the so-called NO-γ band emissions) of the electronically excited NO (A 2 + ) towards its ground electronic state NO (X 2 r ). We have represented in figure 32 the predicted NO-γ band emission brightness associated with a single sprite even taking place at three different altitudes (63, 68 and 78 km). We can see that the initial background values between the lowest altitude (63 km) and the highest one (78 km) are hardly one order of magnitude. The NO-γ band emissions together with the possible excitation mechanisms of NO (A 2 + ) have been studied in detail in a number of papers (see, for instance, [96, [121] [122] [123] [124] ). However, because of the complexity of the air plasma (and/or N 2 -O 2 with NO additions) discharges, most of the experimental studies on the kinetics of these plasmas have been performed under afterglow conditions in pulsed radiofrequency (RF) and positive corona discharges [121] [122] [123] [124] . In particular, an original and remarkable observation reported in 1996 [121] mentioned that, in afterglow conditions, electron-impact excitation of NO(A 2 + ) from its ground state NO(X 2 r ) (P35 : NO + e → NO(A 2 + ) + e) was negligible when compared with the resonant energy transfer process P239 : N 2 (A 3 + u ) + NO → N 2 + NO(A 2 + ). In spite of the above studies, little has been investigated about the plasma kinetics underlying the NO-γ band emissions in sprite conditions. The latter are, in general, quite different from the controlled laboratory environments where previous experiments have been carried out. To our knowledge, there is only one recent work published in 2007 where the NO-γ band emissions from sprites have been modelled [48] . However, this model is based on a relatively simple kinetic scheme and makes some assumptions in connection with dominant microscopic processes that, although proved to be true in laboratory environments, are not necessarily completely right in sprite air plasma environments. For instance, in the chemical model presented in [48] , it is assumed (based on [124] ) that the direct electron-impact excitation of NO(A 2 + ) from its ground state is negligible in comparison with the resonant energy transfer process P239 mentioned above. The latter is only partially right according to the findings of this work. The main reason sustaining this has its roots in the fact that the electron distribution function in the transitory sprite air plasma is non-Maxwellian (see figure 3(a) ). The latter has, while the pulse is on, a tremendous impact on the relative importance of the electron rate coefficients and, consequently, on the relative importance of different kinetics channels. In this regard, the model presented in [48] assumes the rate coefficient calculated in [124] for the direct electron-impact excitation of NO(A 2 + ) from NO(X 2 r ). However, in [124] this rate is obtained by assuming a Maxwellian electron distribution function. The latter assumption is understandable since it considerably simplifies the problem but it is far from being realistic in sprite plasma environments. The value obtained in [124] (see figure 9 in [124] ) for the electron-impact excitation of NO(A 2 + ) for T max e ∼ 5 eV (or mean energy of ∼7.5 eV) is k max ∼ 10 −10 cm 3 s −1 . The latter value is derived without specifying its range of validity, that is, whether it applies to conditions when the pulsed discharge is on or after it is over (afterglow). In our case, we have found that during the discharge (electric pulse on, time 5 µs), the mean electron energy is 7.86 eV and the corresponding non-Maxwellian rate coefficient for the direct electron-impact excitation of
, that is, it is two orders of magnitude higher than that calculated in [124] and later on used in [48] valid while the pulse is acting. The consequences of all this is that before the end of the pulse (time 5 µs), the dominant production reaction of NO(A 2 + ) is P35 : NO(X 2 r ) + e → NO(A 2 + ) + e, followed by the resonant energy transfer process (with a rate coefficient of two orders of magnitude lower than that of P35):
The losses of NO(A 2 + ) before the electric pulse is off (time 5 µs) are mainly due to its radiative decay: 
. Right after the pulse (time > 5 µs), the resonant energy transfer process P239 becomes the dominant production reaction of NO(A 2 + ) while the electron-impact excitation of NO(A 2 + ) becomes negligible (with the rate coefficients many orders of magnitude smaller than that of P239). The losses at this time remain controlled by the radiative de-excitation P479 followed by the less important quenching reactions P240 and P241.
We see in figure 32 that the emission brightness associated with NO(A 2 + ) radiative decay goes down very quickly from ∼5 × 10 3 R (at 78 km) and ∼5 × 10 3 R (at 63 km) to less than ∼10 −1 R at about 1 ms (for 78 and 68 km) and ∼10 1 R (for 63 km). If we compare the LBH emission brightness (shown in figure 31 ) with that of the NO-γ band (presented in figure 32 ), it can be clearly seen that the LBH brightness is considerably higher than that of the NO-γ band in the sprite streamer head discussed here.
Infrared emissions.
To finish this section, we show in figures 33-36 the different IR emissions as predicted by the present sprite kinetic model due to the radiative decay of the previously excited CO 2 molecules due to sprite chemical activity in the mesosphere. To the author's knowledge, only two previous works published a decade ago [44, 45] have partially investigated the possible existence of IR emissions from sprite streamers that could be seen from the outer space. The emission brightness associated with the radiative transition of the wavelength 4.26 µm from the vibrationally excited CO 2 (0 0 1) is shown in figure 33 . It can be seen that, right at the end of the electric pulse at 63 and 68 km, the 4.26 µm emission brightness exhibits an abrupt increase that is much smoother at 78 km. However, the maximum values are reached (for the three altitudes) well after the pulse is over since it is found at ∼1 ms (63 km) and ∼10 ms (68 and 78 km). It is also worth mentioning that the 4.26 µm emission brightness shows a considerable increase above its background levels. The latter enhancements range, as seen in figure 33 , between about three orders of magnitude (at 78 km) and more than six orders of magnitude (for 63 km). Another interesting feature is that the transients last for quite a long time with a relatively high brightness of above 10 5 R for up to 10 ms (at 63 km), above 10 5 R up to 10 s (at 63 km) and above 10 4 R up to 10 ms (at 68 km).
Before the pulse is off (time 5 µs), the production of CO 2 (0 0 1) is driven by direct electron-impact vibrational excitation and by near-resonant exchange of vibrational energy between N 2 and CO 2 : P44 : CO 2 + e ↔ CO 2 (0 0 1) + e, followed by the vibrational-vibrational process that transfers the energy stored in the previously electronically excited N 2 (v 1 ) to CO 2 :
The losses of CO 2 (0 0 1), at 63 and 68 km, before the pulse is off (time 5 µs) are due to P157 : N 2 + CO 2 (0 0 1) → CO 2 + N 2 (v 1 ), closely followed by P481 : CO 2 (0 0 1) → CO 2 + hν 6 (4.26 µm) and the much weaker radiative decay P480 : CO 2 (0 0 1) → CO 2 (1 0 0) + hν 5 leading to the 9.4 µm IR emission from CO 2 (0 0 1). At 78 km high, the process P481 becomes more important than P157.
After the pulse (time > 5 µs), CO 2 (0 0 1) is mainly produced by the process P156, that is, by near-resonant exchange of vibrational energy between N 2 and CO 2 that is much more important than the direct electron-impact excitation of CO 2 (0 0 1) (process P44) at 63 and 68 km but not at 78 km. When the pulse is over, the loss mechanisms of CO 2 (0 0 1) are the same as described above for time 5 µs.
The emission brightness due to the radiative decay of CO 2 (0 0 1) towards CO 2 (1 0 0) emitting light of 9.4 µm is shown in figure 34 , where we can see that its value is much smaller than the brightness of the 4.26 µm transition.
The emission brightness associated to the 13.9 µm radiative transition between CO 2 (1 0 0) and CO 2 (0 1 0) is shown in figure 35 where we can see that its maximum values of about 10 6 R, 10 4 R and 10 2 R are reached at ∼100 ms (63 km), 500 ms (68 km) and 1 s (78 km), respectively. Before the pulse is off (time 5 µs), the production of CO 2 (1 0 0) is controlled by: After the pulse (time > 5 µs), CO 2 (1 0 0) is mainly produced at 63 and 68 km by process P480 followed by P43. At 78 km, P43 comes first followed by P480. The loss of CO 2 (1 0 0) is still dominated by P482 after the pulse is off.
Finally, figure 36 shows the time-dependent behaviour of the emission brightness related to the 14.9 µm transition. For the three altitudes evaluated, its maximum is found around 1 s, that is, quite after the electric pulse has finished. The main After the pulse (time > 5 µs), the CO 2 (0 1 0) emission brightness keeps growing up to about 1 s when the losses due to P483 become dominant and produce its decline and further disappearance at about 10 s.
The emission brightness associated with the 4.26 µm is clearly the strongest out of the four IR CO 2 transitions considered here since its spontaneous emission coefficient is also the highest one (450 s −1 ). The predicted brightness for the 4.26 µm emission leads one to think that, perhaps, it could be observed from outer space.
Conclusions
In this paper we have tried to evaluate the local chemical impact of single sprite events on the Earth mesosphere at three different altitudes (63, 68 and 78 km) . In order to do this, we have developed a full kinetic approach including the coupling of the rate equations for the different atmospheric components considered to a Boltzmann transport equation. The latter has allowed us to self-consistently evaluate the electron distribuction function of the transient non-equilibrium air plasma formed following the passage of a fast electric pulse through the mesosphere. Although the model presented is just an approximation to this complex problem, we have been able to get some insights in connection with the expected enhancements of important species such as, for instance, nitride oxides, ozone and/or negative ions. At 68 km, the concentrations of NO and NO 2 increase by about one order of magnitude while that of NO 3 exhibits an important growth of up to almost three orders of magnitude. However, the variation of the O 3 density predicted by the model in the sprite streamer head is negligible in all the altitudes investigated. The impact of humidity has also been evaluated by explicitly incorporating H/OH containing chemical reactions. According to our findings, the presence of 4 ppm of H 2 O hardly affects the concentrations of the species evaluated. The only detectable effect was that in O (at 68 km) and up to more than 10 6 cm −3 (at 63 km). The latter values, together with the calculation of the electron mobilities, allowed us to estimate the impact of a single sprite event on the electron component of the electrical conductivity of air between 63 and 78 km. We found that the predicted electrical conductivities can reach values of up to 10
(at 68 km), that is, an enhancement of four orders of magnitude is predicted over its background mid-latitude and nighttime value at 70 km. The total power delivered by the streamer head of a single sprite event is also estimated and it results in values that go from 1677 W (at 78 km) to 78 MW (at 63 km). The analysis of the temporal evolution of the electron distribution function during and after the pulse indicates that its departure from a Maxwellian EDF is important.
Finally, we studied the emission brightness of several important radiative transitions associated with sprites in the visible, IR and UV regions of the electromagnetic spectrum. We found that, in general, the LBH emission brightness is always higher than that from the NO-γ band system. The evaluation of four different emissions (4.26, 9.4, 13.9 and 14.9 µm) from vibrationally excited CO 2 Appendix B.
Reactions and rate coefficients associated with the electrondriven chemistry and heavy particle chemistry. The rate coefficients for the electron-impact processes are evaluated using the calculated electron distribution function (EDF) and the corresponding cross sections. When cross sections are not available, the rates of electronic processes are given as k e = a × T b e × exp(−c/T e ) where T e (in eV) is the 'electron temperature'. The rate coefficients of the heavy particle (neutrals and ions) reactions are parametrized as
e × exp(−f/T g ) T g (in K) being the background gas temperature for which the rates are known. 
